The human cytomegalovirus (HCMV) early glycoprotein products of the US1l and US2 open reading frames cause increased turnover of major histocompatibility complex (MHC) class I heavy chains. Since US2 is homologous to another HCMV gene (US3), we hypothesized that the US3 gene product also may affect MHC class I expression. In cells constitutively expressing the HCMV US3 gene, MHC class I heavy chains formed a stable complex with 132-microglobulin. However, maturation of the N-linked glycan of MHC class I heavy chains was impaired in US3+ cells. The glycoprotein product of US3 (gpUS3) occurs mostly in a high-mannose form and coimmunoprecipitates with 132-microglobulin associated class I heavy chains. Mature class I molecules were detected at steady state on the surface ofUS3+ cells, as in control cells. Substantial perinuclear accumulation of heavy chains was observed in US3+ cells. The data suggest that gpUS3 impairs egress of MHC class I heavy chains from the endoplasmic reticulum.
US3 gene product also may affect MHC class I expression. In cells constitutively expressing the HCMV US3 gene, MHC class I heavy chains formed a stable complex with 132-microglobulin. However, maturation of the N-linked glycan of MHC class I heavy chains was impaired in US3+ cells. The glycoprotein product of US3 (gpUS3) occurs mostly in a high-mannose form and coimmunoprecipitates with 132-microglobulin associated class I heavy chains. Mature class I molecules were detected at steady state on the surface ofUS3+ cells, as in control cells. Substantial perinuclear accumulation of heavy chains was observed in US3+ cells. The data suggest that gpUS3 impairs egress of MHC class I heavy chains from the endoplasmic reticulum.
Human cytomegalovirus (HCMV) causes serious disease in congenitally infected infants and immunocompromised/ immunosuppressed adults (1) . As is common to other members of the family herpesviridae, HCMV causes latent or persistent viral infections. However, this state has not been well characterized for HCMV. Virus derived from such latent or persistent infections can be responsible for the HCMVassociated disease state in immunocompromised or immunosuppressed patients. One requirement for viruses that exhibit a latent or persistent phase is that they encode mechanism(s) that manipulate the host's immune surveillance system (2) .
Viruses encode proteins that target and modulate many different aspects of the host's immune system (3) . A target common to many of these viruses are the major histocompatibility complex (MHC) class I antigens (4, 5) . Class I products play a central role in recognition and subsequent lysis by cytotoxic T lymphocytes (6) , a key component of the cellular arm of the human immune system. For example, adenoviruses encode proteins that repress the transcription of class I heavy chain genes (7) or that can bind to and retain class I heavy chains in the endoplasmic reticulum (ER) (8, 9) . The herpes simplex virus type 1 US12 gene product, called ICP47, binds to the MHC-encoded TAP peptide transporter and prevents the delivery of cytosolic antigenic peptides to assembling class I molecules in the ER (10) (11) (12) . Murine cytomegalovirus encodes multiple functions that affect class I expression, either at the level of synthesis or expression at the cell surface (13) (14) (15) . Epstein-Barr virus affects presentation of certain peptides by MHC class I complexes (16) . In that case, a cis-acting Gly-Ala repeat within the viral Epstein-Barr virusencoded nuclear antigen 1 (EBNA-1) protein is an inhibitory signal that prevents its antigenic processing, thus affecting the yield of EBNA-1-derived peptides to be presented. HCMV causes posttranslational down-regulation of MHC class I heavy chains (17) (18) (19) . In HCMV-infected cells, class I heavy chains show unusually rapid turnover (ti/2 = 20 min or less) and are degraded early in the course of their biosynthesis, proceeding no further than the ER (17, 19) .
Through the analysis of defined deletion mutants of HCMV, we recently identified two HCMV early genes, US11 and US2, each of whose products was sufficient to cause increased turnover of MHC class I heavy chains (ref. 20 ; T.R.J. and L.S., unpublished results). US11 encodes a type I membrane glycoprotein that resides in the ER and causes the rapid dislocation of newly synthesized class I heavy chains from the ER to the cytosol, where they are degraded by the proteasome (21) . A second gene whose expression results in destabilization of class I heavy chains is US2 (T.R.J. and L.S., unpublished results). US2 is member of a gene family that also contains US3, a gene adjacent to US2 in the HCMV genome (22) . Given the homology between the proteins encoded by US2 and US3, it was of interest to determine whether US3 also affected the expression of MHC class I heavy chains. Unlike US2, whose expression begins at early times after infection (T.R.J. and L.S., unpublished results), US3 is transcribed abundantly under immediate-early conditions and at lower levels at early and late times after infection, due to multiple negative regulatory mechanisms (23) (24) (25) (26) . In contrast to US2, expression of US3 does not destabilize heavy chains, but maturation and transport to the cell surface of MHC class I heavy chains are impaired. We show that a US3 gene product forms a complex with f32-microglobulin-associated class I heavy chains, which accumulate predominantly in the ER of US3+ cells.
MATERIALS AND METHODS DNA Sequence. The numbering system of Chee et al. (22) was used for the HCMV AD169 DNA sequence (GenBank accession no. X17403).
Virus and Cells. HCMV AD169 was obtained from the American Type Culture Collection and propagated. RV47, a US2 and US3 deletion mutant of HCMV, has been described (27) . The origin and growth of human foreskin fibroblast cells and U373-MG astrocytoma (U373) control cells were as described (20) . Both the US2+ and US3+ cell line used in this study, originally designated 55-310 cells and 5-214 cells (respectively) in laboratory records, were derived from U373 cells. To obtain these cell lines, HCMV US2 and US3 genes were cloned into plasmids such that their expression was under the control of the HCMV major immediate-early promoter. The US2 open reading frame was cloned as a 0.776-kb BanII-XhoI DNA fragment (bases 193,779-193,003 ) in vector pIEsp-puro (20) , to yield pIEspUS2-puro. The US3 open reading frame was cloned as a 0.638-kb AvaII-SacII DNA fragment (bases 194,700-194,062) in vector pIE-puro (20) , to yield plEpuro-US3(AS). Stably transfected US2+ and US3+ cell lines were obtained via transfection of these plasmids and selection in puromycin-containing medium as described (20 (31) . Endoglycosidase H and N-glycosidase F digestions were done for 18 hr at 37°C after immunoprecipitation using the recommended conditions (Boehringer Mannheim).
Immunofluorescence Microscopy. In some experiments, expression of MHC class I molecules was detected by immunofluorescence microscopy as described (20) , except that the blocking step with human serum was omitted. Fixed cells were treated sequentially with TP25.99 primary antibody and fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Pierce) secondary antibody. Confocal immunofluorescence microscopy was performed as described (32) , except that TP25.99 monoclonal antibody was used to detect MHC class I heavy chains. The dye 3,3'-dihexyloxacarbocyanine iodide (DiOC6 [3] ) (Molecular Probes) was used to stain the ER as described (33) . These samples were visualized using a Leica confocal laser scanning microscope. Class I heavy chain fluorescence was quantified using the QUANTIMET 500 fluorescence analysis program (Leica). Uninfected US3+ cells or U373 control cells were metabolically radiolabeled for 2 hr (lanes P) then chased in medium containing excess unlabeled amino acids for 3 hr (lanes C). Human foreskin fibroblasts were infected with either HCMV wild-type AD169 or mutant RV47 at a multiplicity of infection of 3 and radiolabeled from 3 to 7 hr after infection. Immunoprecipitation was done with US3 antibody. (C) US3+ cells were metabolically radiolabeled in pulsechase fashion as indicated prior to immunoprecipitation, using US3 antibody, and glycosidase treatment. For control purposes, an immunoprecipitation from pulse-labeled U373 control cells is shown.
RESULTS
gpUS3, 22 Fig. 2A) . However, the mobility of the major form of class I heavy chain was slightly increased in US3 + cells compared with U373 control cells. In pulse-chase experiments (Fig. 3) , a progressive slight reduction in free heavy chains was observed in US3+ and U373 control cells, coincident with increasing amounts of f32-microglobulin associated heavy chains. Consistent with previous results (T.R.J. and L.S., unpublished results), free class I heavy chains were rapidly degraded in US2+ cells and only small amounts of 132-microglobulin-associated heavy chains were detected. Unlike US2, expression of US3 has no detectable effect on the stability of MHC class I heavy chains. Furthermore, association of f32-microglobulin with class I heavy chains appeared to proceed normally in US3+ cells.
Impaired Maturation of Class I Heavy Chains. The altered mobility of class I heavy chains in US3+ cells suggested that processing of class I heavy chains was altered by gpUS3. In U373 control cells, f32-microglobulin-associated MHC class I heavy chains were partially endoglycosidase H-sensitive at the end of the 1-hr pulse but were fully endoglycosidase Hresistant after a 2-hr chase (Fig. 4A) . In US3+ cells, class I heavy chains were largely endoglycosidase H-sensitive, even after a 2-hr chase. By extending the chase period, we observed that in US3+ cells there was a protracted, but steady, conversion of heavy chains to endoglycosidase H-resistant forms (Fig.  4B) . After a 6-hr chase, some 50% of class I heavy chains retained endoglycosidase H sensitivity. Maturation of a control membrane glycoprotein, the transferrin receptor, is unaltered in US3+ cells (Fig. 4C) digitonin lysis buffer or the standard lysis buffer containing sodium deoxycholate, sodium dodecyl sulfate, and Nonidet P-40. From the digitonin extracts, class I heavy chains could be recovered for each cell line using either anti-HC antibody or W6/32 antibody but not with the US3 antibody. When using W6/32 antibody, a 22-kDa protein coprecipitated with heavy chains from US3+ cells but not from U373 control cells or from either cell line with anti-HC antibody (Fig. 8, lanes 1, 3,  7, and 9 ). This 22-kDa protein comigrated with authentic gpUS3 (Fig. 8, lane 12) . In the presence of ionic detergents (standard lysis buffer), class I heavy chains and 12-microglobulin, but not the 22-kDa protein, were immunoprecipitated by W6/32 antibody-from the US3+ cell extract (data not shown). A reimmunoprecipitation was performed to confirm the identity of the 22-kDa coprecipitating protein. First, W6/32 antibody was used to recover class I heavy chains and associated proteins from digitonin-lysed cells. Then, standard lysis buffer (containing sodium deoxycholate, sodium dodecyl sulfate, and Nonidet P-40) was added to this immunoprecipitate to dissociate heavy chains from the associated 22-kDa protein, followed by immunoprecipitation using US3 antibody (Fig. 8, lanes 4-5 and 10-11) . The 22-kDa protein coprecipitating with class I molecules from US3+ cells could be recovered with US3 antibody and comigrated with authentic gpUS3. Thus, this confirms the identity of the coprecipitating protein as gpUS3. We were unable to recover gpUS3 with US3 antibody from the digitonin lysis buffer extracts of US3 + cells, although it readily coprecipitated from that extract with W6/32 antibody (Fig. 8, lanes 8 and 9) and could be recovered from the standard lysis buffer extract with US3 antibody (Fig.  8, lane 12) . Therefore, it is possible that there is very little free (21) . At present, the intracellular location of gpUS3 has not been determined directly. However, its association with the ER-retained class I heavy chains, and its endoglycosidase H sensitivity, imply that gpUS3 is an ERresident protein.
HCMV gpUS3 is functionally similar to adenovirus E3-19K gene product, although there is no homology between them. The hydropathy profile of US3 is suggestive of a type I membrane protein, such as E3-19K. US3 and E3-19K are similarly-sized and contain high-mannose-type N-linked glycans. E3-19K is an early gene product that binds and retains class I heavy chains in the ER; thus preventing transport to the cell surface and resulting in decreased recognition and lysis by specific cytotoxic T cells (8, 9, (35) (36) (37) (38) . Unlike gpUS3, which has a short half-life, the E3-19K glycoprotein is stable (8, 9) . This difference may be functionally relevant, adding a dimension of complexity to the dynamic equilibrium between class I molecules and the respective viral gene products. Because at early times after infection US3 acts on heavy chains simultaneous with US2 and US11, the interplay among US2, US3, and US11 is likely to be a complicated affair. In any case, significant down-regulation of class I molecules can be accomplished even in the face of the shQrt half-life these HCMV gene products.
The efficiency of ER retention is influenced by the affinity of the viral protein for the various class I alleles. For example, E3-19K binds to some MHC class I molecules more strongly than to others (39, 40) . This also seems to be the case for gpUS3. Over the course of 6 h, maturation of some heavy chains occurs resulting in almost normal cell surface expression of class I at steady state in US3+ cells ( Fig. 6 and 7) . Our data indicate that heavy chains from the class I alleles expressed in our US3 + cells may not be retained in the ER to the same extent. Evidence for this is 2-fold. (1) Conversion to endoglycosidase H resistance of only the lower but not the upper band of the heavy chain doublet in US3+ cells immunoprecipitated with W6/32 antibody was detected (Fig. 4B) . In U373 control cells, conversion to endoglycosidase H resistance of both bands was detected. (2) Surface-labeled heavy chains in US3 + cells have reduced mobility in SDS/PAGE compared with those from U373 control cells (Fig. 7) . Combined, these results are consistent with the possibility that not all class I alleles are affected equally by US3.
Multiple genes that act to down-regulate MHC class I expression or function may be common to herpesviruses, which engage in an extended relationship with their host. This is especially true for cytomegaloviruses, with their prolonged replication cycles. Murine cytomegalovirus encodes at least two proteins that affect the expression of class I molecules through posttranslational mechanism(s) (15) . One gene has been localized to a 6.8-kb region of the MCMV genome and is expressed at early times after infection. This gene functions in a manner similar to US3, in that it causes class I heavy chains to be retained in the ER (15) . A second MCMV gene expressed at later times after infection results in the reduction of cell surface class I molecules by an unknown mechanism (15) .
Why should cytomegaloviruses require multiple MHC class I interactive proteins? In vivo, the requirement for multiple class I down-regulatory functions may be reflective of the varied cell types that are infected by HCMV. Alternatively, perhaps all three genes are expressed during in vivo infection, as they are in cultured fibroblasts. In the latter, US2 and US11 are expressed at both early and late times after infection, while US3 is expressed at immediate-early time and at reduced levels at early-late times (refs. 20, 23 , and 24; T.R.J. and L.S., unpublished results). Thus, the normal biosynthetic pathway of MHC class I heavy chains is altered throughout infection by HCMV in cultured fibroblasts. Since US3 expression precedes that of US11 and US2, the former may provide an important immunoevasion function to the newly infected cell by preventing effective presentation of immediate-early epitopes and interruption by T cells of the replicative cycle at that point. It was demonstrated that expression from US3 is negatively regulated at early-late times after infection by cellular repressor proteins (26) . If abundance or physical state of these Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 11333 cellular repressor proteins vary among the different cell types infected by HCMV, then expression kinetics of US3 will be altered concominantly, with effects of gpUS3 on class I heavy chains not limited to the first few hours after infection.
One may speculate that class I heavy chains that are retained in the ER by gpUS3 are subsequently attacked by either gpUS11 or gpUS2. Although not formally tested, this may not be the case. gpUS2 and gpUS11 readily exert their effect on free heavy chains (T.R.J. and L.S., unpublished results), and their attack on f32-microglobulin-associated heavy chains is detected shortly after this association (21) . Furthermore, gpUS11 has been shown to cause destabilization of newly synthesized heavy chains upon completion of polypeptide synthesis by dislocating them from the ER to the cytosol, probably by reverse transport through the ER translocation complex (21) . gpUS2 acts in a similar fashion (E.J.H.J.W., H.L.P., and T.R.J., unpublished results). Therefore, the mechanism of action of these proteins may require class I heavy chains that remain in close association with, or in the proximity of, the translocation complex. In the presence of gpUS3, there are no apparent defects in a very early step of class I biosynthesis, namely, association with 132-microglobulin (Fig. 3) . The apparent half-time for this association can vary widely, from less than 5 min to 4 hr for some heavy chain alleles (41, 42) . Thus, it is unlikely that heavy chains retained by gpUS3 would still be in the proximity of the translocation complex. Further experiments are required to determine the susceptibility of gpUS3-retained class I heavy chains to gpUS2 or gpUS11 function to properly assess the role of US3 in HCMV infection.
